The paper introduces a new polarimetric scattering model able to interpret and invert coherent polarimetric SAR (PolSAR) measurements over glaciers and ice sheets. Individual scattering components related to ice lenses and pipes are considered to model the subsurface scattering structure of ice sheets. The model is able to interpret the scattering amplitudes, their ratios at the different polarizations as well as the observed polarimetric phase differences. The co-polarization (HH-VV) phase difference is related to the structural anisotropy of the firn layer and will be used to estimate its thickness. The model is validated against L-band PolSAR data acquired by the E-SAR sensor of the German Aerospace Center (DLR) over the Austfonna ice cap in Svalbard during the ICESAR2007 campaign and available GPR profiles.
INTRODUCTION
SAR configurations allow the systematic monitoring of glaciers and ice sheets also during the winter time when the snow cover is dry and almost invisible at low frequencies. First attempts to monitor glaciers by means of SAR have been reported back in the 80's [1] , [2] . The use of polarimetric SAR (PolSAR) enables a better physical characterization of the ongoing propagation and scattering processes. However, only few studies have been performed to model coherently polarimetric backscattering from ice bodies. A first polarimetric model was introduced in [3] to interpret C-, L-and P-band observations of the percolation zone of Greenland. Ice lenses and pipes, buried in a shallow layer of dry snow, were assumed as the main scatterers and modelled as horizontally and vertically oriented cylinders, respectively. Copolarization (HH-VV) phase differences were assumed to be caused by reflection processes within the ice bodies. The agreement between model and PolSAR observables was rather good at C-band but poorer at L-and P-band. A three-component polarimetric model for L-and P-band measurements was developed in [4] . Backscattering was modelled as sum of a surface component generated at a shallow snow-ice interface, a volume contribution from randomly oriented dipoles related to ice grains and inclusions embedded in the underlying ice mass, and a component associated to the presence of sastrugi at the glacier surface. Despite its higher complexity, the model could not explain the co-polarization phase differences often observed in the experimental data. This paper introduces a new coherent polarimetric scattering model that allows a more complete interpretation and, in a (a) (b) Fig. 1 : (a) Geometry of a spheroidal particle in its reference frame (x,y,z) and link to the radar geometry (k,h,v); (b) scattering scenario. Dry snow is assumed transparent, as well as deeper ice. Dominant scatterers are ice lenses and pipes embedded in the anisotropic firn.
subsequent stage, the inversion of polarimetric data in the percolation zone of glaciers.
SCATTERING MODEL

Volume scattering from ice inclusions
At lower frequencies as L-band, most of the SAR backscattering in the percolation zone is attributed to solid ice clusters (pipes and lenses) located within the upper meters of snow and firn [5] . In fact, such inclusions typically extend for few tens of cm with a thickness of some cm [5] . They are formed by the refreezing of melt water which percolates through small vertical channels and forms horizontal lenses and vertical pipes. In the proposed model, ice lenses are modelled as horizontally oriented oblate spheroids whereas pipes are described as prolate spheroids mainly aligned with the vertical direction. Backscattering from each single scatterer is described by the scattering matrix [ ]. Spheroidal scatterers can be approximated by three orthogonal dipoles aligned with the main axes [6] . By defining a right-handed reference system (x,y,z) as shown in Fig. 1(a) , the orientation of an individual spheroid is given by two angles: the canting angle (rotation about the z-axis) and the tilt angle (rotation about the yaxis). Finally, the radar geometry defined by the triplet (k, h, v) is introduced to account for incidence angle ( ) variations, where k is the propagation direction, h is aligned to the x-axis and v lies in the z-y plane. Up to an intensity factor, the scattering matrix [ ] of a generic spheroid can be written as [6] : 
To characterize the scattering from a volume of particles (either lenses or pipes) the polarimetric 3x3 covariance matrix [ ] is considered [6] . The scatterers in the volume are assumed to be equally-shaped and equally-distributed, while their orientation distribution is defined by the probability density functions (pdfs) ( ) and ( ) of the orientation angles and , respectively. The elements of [ ] are calculated according to [6] by integrating the pdfs over the angular ranges in which each angle is defined. Assuming and to be independent variables, for each linear polarization combination , the generic element is computed as:
with , { , , , }. The factor is needed for a uniform spatial distribution of scatterers, and is a constant (1, 2 or 2) required in the definition of C. Here, the case of uniform pdfs p( ) and p( ) is considered:
where and are the widths and o and o the mean values of the distributions. Choosing the appropriate pdfs, a variety of volumes can be simulated, from random to oriented with a certain preferred orientation (e.g. vertical, horizontal particles, etc.). Once ( ), ( ), and A p are selected, the covariance matrix of the cloud of particles can be determined for each value of . The total backscattering is described in terms of [ ] matrix as the sum of two uncorrelated contributions: [ ] related to oblate ice lenses, and given by prolate pipes:
where and are intensity factors of the respective covariance matrices. [ ] accounts for an additive noise term. Multiple scattering is ignored.
Firn anisotropy and propagation effects
The analysis of shallow cores (0-15 m depth) from Antarctica [7] and Greenland [8] indicates an anisotropic microstructure of firn. Both studies found a predominantly vertical orientation of grains. As shown in [9] such an anisotropic distribution can be related to polarization phase differences observed in SAR data. Accordingly, firn is modelled as a two-phase mixture of aligned ice inclusions immersed in a background of air. For simplicity, equally-shaped and equally-distributed spheroidal grains (i.e. a homogeneous layer of firn) are considered. As the grain size is much smaller than the (L-band) wavelength, an anisotropic effective permittivity can be used to characterize the firn layer on a macroscopic scale. Assuming the reference system shown in Fig. 1(a) , with the dipoles a, b and c aligned with the z-, x-and y-axes, respectively, the components of are given by [10] :
where is the permittivity of the ice inclusions, the air permittivity for the host medium and is the inclusion volume fraction. Finally Nx, Ny and Nz represent the depolarization factors of the spheroidal grains along the directions x, y and z, respectively, and depend on the particle degree of anisotropy (DA = a/b) [6] . In order to characterize the propagation of h and v polarized waves through such a medium, the effective permittivity components along the h and v directions are derived:
This way, the propagation of each polarization component can be described by means of the respective permittivity. To assess the propagation effects, the two-way optical path through the volume has to be considered. For an anisotropic layer with effective permittivity components , , , and thickness l, the differential propagation effects are calculated in terms of covariance matrix elements as:
with , = , , . The obtained terms can be arranged in a propagation matrix [ ] and incorporated in the scenario modelled in (4) as:
where indicates the element-wise product. Finally, the model is completed by accounting for refraction and transmission effects occurring at the air/snow interface at the glacier surface. The simplified scenario simulated using (8) is shown in Fig. 1(b) .
EXPERIMENTAL DATA
The test site is located on the Austfonna ice-cap (79-80°N, 20-27°E), on the Nordaustlandet island of the Svalbard archipelago. Austfonna is a polythermal ice cap with a domeshaped topography and a maximum ice thickness of about 580m Fig. 2 : GPR profile overlapping the SAR test site. Two-way travel time has been converted to depth assuming a constant density of 3 . The top dark layer indicates the shallow snow-cover, while the underlying thick layer is characterized by firn rich of ice inclusions [11] . [11] . Of particular interest for this study is the summit area of the cap, classified as percolation zone [11] , where L-band (1.3 GHz) fully polarimetric SAR data were acquired by DLR's E-SAR airborne system during the ICESAR campaign, in March and April 2007. Finally, an L-band (800 MHz) GPR profile measured in spring 2007 by the Norwegian Polar Institute and the University of Oslo [11] , shown in Fig. 2 , is used for validation.
RESULTS
The polarimetric covariance matrices are estimated using 100 effective looks. After applying a noise filtering [12] , four polarimetric signatures have been extracted: the co-polarization (co-pol) ratio |SHH| 2 /|SVV| 2 , the co-pol phase difference HH-VV, the scattering entropy H and the mean alpha angle .
The co-pol ratio can be used as an indicator of scatterers orientation: values > 1 indicate scattering from predominantly horizontal structures, values 1 are attributed to random volumes, and values < 1 indicate scattering from vertically oriented features or (slightly rough) surfaces [6] . The co-pol ratio over the test site ( Fig. 3(a) ) is spatially homogeneous with values > 1 suggesting the presence of horizontal features.
The co-pol phase difference provides information about the scattering mechanisms as well as propagation effects. Non-zero values are expected in presence of oriented volumes or optically anisotropic media (see section 2). The co-pol phase map in Fig. 3(b) shows a very smooth behavior with a major variation along range from 30° up to 90°, suggesting the presence of anisotropic firn [9] .
The scattering entropy indicates whether a single dominant scattering mechanism (low entropy) or more mechanisms contribute to the total backscatter (high entropy). In the case of only volume scattering, entropy is a measure of randomness of the scatterers orientation. The entropy over the site significantly increases across range, rising from 0.4 in near to 0.8 in far range (Fig. 3(c) ). The high entropy, together with co-pol ratio > 1, confirms that volume scattering from horizontal features is significant [6] .
The set of polarimetric signatures is completed with the mean alpha angle (Fig. 3(d) ). Its high values (up to 50°) indicate dominant volume scattering [6] . Differential propagation effects induced by the presence of anisotropic firn could explain the measured co-pol phase differences and the high alpha values [6] .
The decomposition of the data is based on the minimization of a cost function which jointly accounts for the relative errors between modell -pol ratio. A simplified scenario is considered assuming known some model parameters. The canting angles of both oblates and prolates are assumed to be randomly distributed ( obl , pro = 180°) as neither lenses nor pipes are expected to have a preferred orientation in the horizontal plane [3] . Mean tilt angles are fixed to o,obl = 90° for oblates (horizontal) and o,pro = 90° for prolates (vertical) . A degree of anisotropy of firn grains, defined as the vertical-to-horizontal axis ratio, is fixed to 1.35 according to [7] , while ice is fixed to 3.1 -j0.004 [13] and air = 1.0 for air. An average value of 0.55 g/cm 3 ( = 0.6) is assumed for firn density, considering the available ground measurements [11] . Arbitrary values of A p,obl = 0.1 and A p,pro = 10 are defined to consider a general case for a set of oblate and prolate scatterers, respectively.
In a first step, a thickness estimate (l) of the firn layer is retrieved by applying the novel differential propagation model component to the co-pol phase of the data, and successively employed to include differential propagation effects in the minimization procedure. Other parameters estimated by the polarimetric decomposition are the prolates-to-oblates (pipes-tolenses) intensity ratio POR = / and the tilt angle distribution widths for lenses and pipes, obl pro respectively, related to their degree of orientation.
The proposed model interprets co-pol phase difference of Fig. 3(b) as the effect of propagation through a layer of anisotropic firn of thickness ranging from approximately 4 to 7 m (Fig. 3(e) ). This result is in agreement with the GPR profile of Fig. 2 which reveals the presence of a 7-9 m thick firn layer below the shallow snow-cover. The near-to-far range variation observed in Fig. 3(e) is explained by the decreased penetration depth with increasing incidence angle. The obtained obl pro maps are shown in Fig. 3(g)-(h) . maps do not show any particular trend, indicating that the model is able to correctly interpret the effects of incidence angle variation. Such results match very well the expectations for ice lenses [5] . More complex is the interpretation for pipes which are usually observed to be vertically oriented. Likely, the estimated randomness is due to the assumption of scatterers with spheroidal shape while, in reality, they may have rather complex shapes [5] . Finally, POR map ( Fig. 3(f) ) points out, as expected, a stronger scattering contribution from the horizontal lenses for steeper incidence angle. In fact, the decrease of POR over range is easily explained by the rotation of the line-of-sight, which becomes more parallel to the plane in which the lenses lie with increasing incidence angle.
CONCLUSIONS
In this paper, a model-based polarimetric decomposition has been proposed for the interpretation of PolSAR backscattering over the percolation zone of a sub-polar ice cap. Total backscattering is decomposed into two volume components originated from horizontal ice lenses and randomly oriented ice glands embedded in a layer of anisotropic firn, which is responsible for the observed co-polarization phase differences. The novel differential propagation component has the potential to provide thickness estimations of anisotropic firn layers, and possible applications in the monitoring of near-surface layers of ice masses to support surface mass balance estimation. The achieved results are consistent with the subsurface structure of the investigated area, as revealed by the available ground measurements, and conform to the expectations based on the polarimetric data analysis. However, some assumptions have been made to keep the model complexity low: dielectric properties of snow, ice and firn are assumed spatially homogeneous while scatterers are speculated to be equally-shaped and distributed objects; finally, only single scattering mechanisms are considered.
